ABSTRACT Remote sensing is a precision tool that can detect plant health. Ground-based methods in small-scale experiments were used to explore the applicability of this technology for detection of arthropod-damaged cotton and to Þnd useful indices or wavelengths for detecting arthropod-damaged cotton. Individual leaves of greenhouse-grown cotton plants and cotton plants in the Þeld were infested with populations of cotton aphids, spider mites, and aphids ϩ mites. Several sets of reßectance measurements were collected from the adaxial surface of the leaves at various intervals after infestation using a portable hyperspectral spectrometer with an integrating sphere or a contact probe. Vegetation indices were calculated from the reßectance values; these indices and the raw reßectance values, represented by narrow wavelength bands, were tested to see if arthropod damaged cotton could be distinguished from healthy cotton. Results indicated that it was possible to detect cotton aphidÐ and spider miteÐ damaged leaves by tracking the spectral changes in the leaf, although the damage type of each arthropod could not be distinguished spectrally. In addition, spider miteÐ and aphid-infested cotton leaves increased reßectance in the near infrared wavelength at Ϸ850 nm in comparison to uninfested leaves.
Remote sensing is a precision technology, which can be used to acquire information about objects without physical contact with the objects. Although use is not widespread, airborne sensors can be used in agriculture by capitalizing on their ability to detect light reßected off of large areas of vegetation. Its use in entomological applications is less widespread, with most still in the exploratory phase. Remote sensing data are often multidimensional. An advantage to this property is that data, in the form of different spectral wavelengths, can be combined into single values to create vegetation indices. These indices can indicate crop vigor and health to allow precision application of inputs to the system, improving crop health at the speciÞc location where it is needed.
Cotton aphids (Aphis gossypii Glover) and spider mites (Tetranychus spp.) are among the most economically damaging arthropod pests of cotton (Gossypium hirsutum L.) in the San Joaquin Valley of California. Cotton aphids are phloem feeders, often found on the abaxial leaf surface, and excrete the excess material obtained from the phloem as honeydew. Spider mites pierce cells with stylets and feed on the contents, often on the abaxial surface. In high numbers, aphids can cause leaf curling, and their honeydew can create a shine on the leaves. Spider mites directly kill plant cells and can kill entire leaves, or plants, in high numbers. Both pests are distributed heterogeneously across a Þeld, and monitoring decisions are made on an interÞeld basis. The heterogeneous distribution type is excellent for aerial remote sensor detection, which provides spatial information within a Þeld. Hence, because these arthropods can be detected by a decrease in near infrared (NIR) wavelengths, remote sensors can be used in combination with variable rate pesticide applications to only treat infested areas of the Þeld. However, a decrease in the NIR wavelengths can be associated with other phenomena associated with decline in cotton plants (Reisig and Godfrey 2006) . Thus, it would be useful if arthropod-damaged cotton could be separated from cotton that is declining from other factors.
Ground-based remote sensors include hydraulic booms hoisted above vegetation canopies, goniometers, which view vegetation reßectance from a variety of angles, vehicle mounted sensors above vegetation canopies, and backpack sensors attached to Þber-optic cables with a variety of different conÞgurations (Settle 2004 , Wang et al., 2004 , Filella et al. 1995 , Asner et al. 1998 , Kuusk 1991 . These sensors concentrate on small portions of vegetation or a limited area within a canopy and can be used in small-scale studies. Special attention must be given to the direction of illumination and views when canopy-based remote sensing methods are used. This is because canopy surfaces are anisotropic; the amount of light that is reßected depends on the orientation. Contact probes and integrating spheres attached to Þber-optic cables and spectrometers have the advantage of focusing on small areas of the plant, such as a piece of a leaf, without having to take canopy issues into account. They have their own light source to reßect off the adaxial or abaxial surface of the leaf and are enclosed to exclude any stray exterior light. Furthermore, the distance between the sensor and the object being detected, the slant range, is reduced using contact probes and integrating spheres because the light source is close to the reßective surface. Finally, calibration is relatively quick and easy with contact probes and integrating spheres because the slant range is constant and the amount of illumination is constant. The slant range is deÞned here as the straight-line distance between the transmitter and the object (Department of Defense 2004) .
A goal in remote sensing is to Þnd a spectral "signature" unique to phenomena within vegetation landscapes, patches, plants, or individual leaves. Often, remote sensing can be used successfully to distinguish among vegetation type, which can be useful to entomologists. For instance, Brewster et al. 1999 were able to distinguish among crop types to predict whiteßy population dynamics and subsequent infestation. However, there has been limited success correlating remote sensing data with speciÞc damage types. For example, Reisig et al. 2006 explored various reßec-tance wavelengths and vegetation indices in uninfested cotton and cotton infested with mainly spider mites, mainly aphids, and both mites and aphid. Airborne remote sensors were primarily used both years of the study and a spectrometer with a contact probe, to a limited degree, in only 1 yr of the study. Aphid pressure was correlated to various reßectance wavelengths and vegetation indices, using the spectrometer data. Only the wavelength at Ϸ850 nm, in the NIR, was signiÞcantly correlated to aphid pressure when aphid populations were in early development. In both years, data from the airborne sensors in the NIR wavelengths could be used to signiÞcantly distinguish arthropodinfested cotton from uninfested cotton. The NIR values declined in both mite-and aphid-infested cotton, but a unique "signature" for mite-and/or aphid-infested cotton could not be pinpointed because decline in NIR values can be associated with other plant phenomena, such as a general decline in plant health.
Other exploratory studies have successfully used ground-based spectrometers and external integrating spheres to detect different spectral characteristics of vegetation infested with insects. For example, Riedell and Blackmer (1999) studied the spectral response of wheat to Russian wheat aphids (Diuraphis noxia Mordivilko) and greenbugs (Schizaphis graminum Rondani) with these methods. They allowed these insects to separately infest the wheat and measured the effects after 3 wk by cutting the leaves, removing the aphids, measuring reßectance, leaf weight, leaf area, and chlorophyll content. They found that chlorophyll content was reduced by both pests and that a decrease in reßectance of the wavelengths between the red and NIR was correlated with chlorophyll reduction.
These studies cannot be directly applied to all airborne data, because aerial and satellite sensors are inßuenced to a different extent by such factors as anisotropy, variable illumination, and water vapor and aerosol particles in the air. However, the small-scale studies using contact probes and integrating spheres are useful to augment larger remote sensing research attempts, such as those involving airplane or satellite data. For instance, it is theorized that plants injured by spider mites will respond differently than those damaged by cotton aphids and that plants damaged by cotton aphids and/or spider mites will respond differently than uninfested plants. Our objective was to explore a physiological change in cotton leaves that was caused by spider mites and cotton aphid infestation. We hoped that this could be detected spectrally and monitored to distinguish among various arthropod damage types. We desired to apply knowledge of speciÞc arthropod spectral response patterns to larger scale attempts to distinguish among cotton that may be declining from various physiological stresses from cotton that is clearly declining from spider mite or aphid damage.
Materials and Methods
Greenhouse Experiment. In February 2004, four to Þve Acala cotton plants (variety Maxxa) were planted in individual 15.24-cm-diameter pots. They were greenhouse-grown at Ϸ36ЊC, with a 12-h photoperiod, using amended nutrient potting soil. Cotton aphids (Aphis gossypii Glover) were obtained from colonies maintained at both University of California Shafter Research and Extension Center near Shafter, CA, and University of California, Davis, whereas spider mites (Tetranychus urticae Koch) were obtained from a colony maintained at the University of California, Davis. Using a paintbrush, arthropods were placed onto one individual leaf of one plant per pot when the cotton was in the 7Ð 8 leaf (4 Ð5 nodes) growth stage. The treatment groups were 10 cotton aphids, 10 spider mites, and 10 cotton aphids and 10 spider mites together. The pots were grouped by treatment and caged so that each cage housed 10 pots, with each pot having one infested leaf. Eight total cages were used (two with plants infested with aphids, two with plants infested with mites, two with plants infested with aphids and mites, and two with uninfested plants). Each pot was fertilized 2 wk before infestation using 379 ml of Miracle-Gro Water Soluble All-Purpose Plant Food (3.9 ml/liter water, Scotts Miracle-Gro Company, Marysville, OH). The plants were watered approximately every 3 d and were not water stressed.
After infestation, the number of aphids and spider mites was counted each day by visually inspecting the infested leaf. Accumulated aphid-and mite-days were calculated for each treatment (Ruppel 1983) . Using a GER 1500 portable spectrometer (Spectra Vista Corp., Poughkeepsie, NY) and a hand-held integrating sphere (1800 Ð12S; Li-Cor Biosciences, Lincoln, NE), reßectance values were collected from the adaxial surface of each treatment leaf. The measurements were conducted on 9 March (immediately before infestation) 2004, once every day for 9 d after infestation, and one Þnal set of measurements was taken on 24 March (14 d after infestation). The GER 1500 collected Ϸ607 bands in the 330-to 2,540-nm range.
Vegetation indices combine two or more bands of information, which can provide more useful information about plant material to the interpreter. We tested several of the more widely used vegetation indices, as well as indices and narrow bands that are indicators of mite-and aphid-infested cotton (Reisig and Godfrey 2006) . The normalized difference vegetation index (NDVI) (Rouse et al. 1974) , modiÞed chlorophyll absorption in reßectance index (MCARI) (Daughtry et al. 2000) , two ratio vegetation indices (RVI), sometimes referred to as simple ratio indices (SR) (Jordan 1969) , the green normalized difference vegetation index (GNDVI) (Gitelson and Merzlyak 1998) , the difference vegetation index (DVI) (Tucker 1979) , and narrow bands (Ϸ550 [green peak reßectance value], Ϸ579, and Ϸ850 nm [NIR]), were calculated from the resulting reßectance values using Excel (Microsoft Corp., Redmond, WA) ( Table 1 ). The green wavelengths occur from Ϸ500 Ð 600 nm and the NIR occurs at Ϸ750 Ð1,000 nm. Hence, of these wavelengths, we chose from among some of the most commonly used to represent the green and NIR wavelengths.
Sleeve Cage Experiments. In related Þeld studies, sleeve cages contained individual Acala cotton leaves Although every effort was made to keep the treatments pure, mites, aphids, and natural enemies occasionally entered into the sleeve cages. They were immediately removed to maintain treatment integrity, and their presence was recorded. If it was evident that contamination seriously compromised a treatment, the replication was dropped from the study. Aphid-and mite-days were calculated taking into account anything that was in a sleeve cage, even if it was not part of the intended treatment.
In the 2004 sleeve cage study, daily reßectance measurements were taken from the adaxial surface of each caged leaf using a FieldSpec Pro FR ASD (Analytical Spectral Devices, Boulder, CO) backpack spectrometer with the Þber-optic cable attached to a hand-held Hi-Brite contact probe with an ASD leaf clip (Analytical Spectral Devices). The same GER 1500 portable spectrometer and integrating sphere that was used in the 2004 greenhouse study was used in the 2005 sleeve cage study. A contact probe is designed to focus a beam of light directly on the subject surface and to collect radiation that is reßected or transmitted directly from the subjectÕs surface in the Þber-optic cable. In contrast, the interior of an integrating sphere is designed to uniformly scatter The number of aphids was quantiÞed over time, and accumulated aphid-days were calculated for each leaf (Ruppel 1983) . Mite numbers were too difÞcult to count accurately in the Þeld, because of their mobility and size; accordingly, the presence or absence of mites was noted. The same indices and narrow bands that were explored in the greenhouse experiment were used to compare the reßectance values obtained from the spectrometer among the different experimental groups (Table 1) .
Statistical Analysis. In the greenhouse experiment, pseudoreplication that might have arisen because of subsampling of the plants within the cages was avoided by counting each cage as the experimental unit. In the greenhouse experiment and 2005 sleeve cage experiment, the indices and reßectance values in Table 1 were individually analyzed using repeatedmeasures analysis of covariance (ANCOVA) and the linear mixed models approach (ANCOVA; PROC MIXED; SAS Institute 2003). In both experiments, reßectance measurements taken before the infestation were used as the covariate. In the 2004 sleeve cage experiment, the indices and reßectance values in Table 1 were individually analyzed using repeated-measures analysis of variance (ANOVA) and the linear mixed models approach (ANOVA; PROC MIXED; SAS Institute 2003). The only Þxed effect was treatment. Date, interactions with date, and replicates were assigned to random effects. Repeated effects were deÞned as each date that measurements were taken, with the subject equivalent to pot nested within each cage (cage was the experimental unit) so that the sub-sample variation was accounted for. The varianceÐ covariance structure was described as compound symmetry, and denominator degrees of freedom were calculated using the Kenward-Rogers correction (Kenward and Rogers 1997) .
Models with heterogeneous variance structures were Þtted using the REPEATED statement with the GROUP ϭ option. When the data were non-normal and transformations could not render them normal in all cases, they were rank-transformed (Conover and Iman 1981) . Rank transformation was not used for any greenhouse experiment data, but was used for the NR index in the 2004 sleeve cage experiment, which was not signiÞcant and is not presented, and for the data from the 2005 sleeve cage experiment. Mean separation was achieved using TukeyÕs honestly signiÞcant difference (HSD) procedure, and data that were not rank transformed are presented as backtransformed arithmetic means and SE. Rank-transformed data are presented as raw arithmetic means and SEs.
Results
Greenhouse Experiment: 2004. Aphid and spider mite pressure increased over time in the appropriate treatments (Fig. 1 ). Treatments were signiÞcantly different over time using the NIR wavelength at Ϸ850 nm (Table 2; Fig. 2 ). Furthermore, on 12 April, the NIR reßectance values were signiÞcantly higher in the aphid-infested cages than uninfested cages (TukeyÕs HSD, adjusted P ϭ 0.0004). Finally, by 24 April, cages that were infested with aphids and cages that were infested with aphids ϩ mites had NIR reßectance values that were signiÞcantly higher than those in the uninfested cages (TukeyÕs HSD, adjusted P ϭ 0.0077 and adjusted P ϭ Ͻ0.0001, respectively).
The NIR reßectance value signiÞcantly increased from the beginning of the experiment to the end in all the infested treatments, whereas it remained constant in the uninfested treatment (TukeyÕs HSD, adjusted P ϭ Ͻ0.0001 for all treatments; Fig. 2 ). The simple effects of treatment and date were signiÞcant for all the narrow bands and indices tested (Table 2) .
Sleeve Cage Experiment: 2004. Aphid-days were highest in the treatments that were infested with aphids (Fig. 3) . Similarly, there were spider mites in the appropriate treatments (unpublished data). The NIR wavelength tested had values that were higher among mite-infested leaves compared with aphid-infested (TukeyÕs HSD, adjusted P ϭ 0.0280) and uninfested leaves (TukeyÕs HSD, adjusted P ϭ 0.0220), for the simple effect of treatment (Fig. 2) . None of the other narrow bands or indices tested had treatments that were signiÞcantly different (Table 3) .
Sleeve Cage Experiment: 2005. Aphid-days were highest in the treatments that were infested with aphids (Fig. 3) . Similarly, there were spider mites in the appropriate treatments (unpublished data). Of all the narrow bands or indices tested, only the NDVI and the RVI 1 had treatments with signiÞcantly different values over time (Table 4 ; Fig. 4) . NDVI values were signiÞcantly higher on the last day of measurement than the Þrst in the aphid treatment (TukeyÕs HSD, adjusted P ϭ 0.0009), the aphid ϩ mite treatment (TukeyÕs HSD, adjusted P ϭ 0.0129), and the uninfested leaves (TukeyÕs HSD, adjusted P ϭ 0.0149). Moreover, there was an interaction in treatment values over time. On 3 August, NDVI values in the mite treatments were signiÞcantly higher than those in the aphid ϩ mite treatments (TukeyÕs HSD, adjusted P ϭ 0.0389). On 7 August, NDVI values in the aphid ϩ mite treatment were signiÞcantly lower than those in the uninfested treatment (TukeyÕs HSD, adjusted P ϭ 0.0093). On 10 August, the NDVI values for both the mite and aphid ϩ mite treatments were signiÞcantly lower than those in the uninfested treatment (TukeyÕs HSD, adjusted P ϭ 0.0311 and adjusted P ϭ 0.0407, respectively). Finally, on 12 August, NDVI values in the mite-infested treatments were signiÞcantly lower than those in the uninfested treatment (TukeyÕs HSD, adjusted P ϭ 0.0154).
The RVI 1 also had treatments with signiÞcantly different values over time (Table 4) . However, unlike the differences found in the NDVI, the differences only occurred within treatments over time and not across treatments in each day. Also unlike the NDVI, no treatment had a signiÞcantly different RVI 1 value when the last day of measurement was compared with the Þrst. The simple effects of treatment were not signiÞcant for all the narrow bands and indices tested (Table 4) .
Discussion
In all experiments, there was a range of aphid and mite pressure among treatments. Furthermore, mite damage increased in the appropriate treatments in the experiments. Although the mite-only treatments and uninfested treatments in the 2004 sleeve cage experiment were contaminated by aphids, these aphids were removed from these treatments as soon as they were discovered, so that the aphid-and aphid ϩ miteÐ infested treatments had the highest aphid pressure. Both the mite-and aphid ϩ miteÐinfested treatment had NIR reßectance values that were signiÞcantly higher than the aphid-infested and uninfested treatment (Table 2 ; Fig. 2) . Hence, the effects of the aphids in the uninfested and mite-infested treatments were probably not signiÞcant in comparison to the effect having mite-free or mite-infested leaves, respectively. Of the bands and indices that we tested, the only band with signiÞcantly different values over time was in the NIR (Ϸ850 nm) in the greenhouse experiment and the NDVI and RVI 1 in the 2005 sleeve cage experiment. In the greenhouse experiment, NIR values increased among all infested treatments from the beginning to the end of the experiment. In contrast, in the 2004 sleeve cage experiment, the NIR values remained relatively constant over time, but did not increase. Similarly, in the 2005 sleeve cage experiment, both NDVI and RVI 1 values ßuctuated signiÞcantly over time, with only some infested treatments and uninfested leaves increasing in NDVI values by the end of the experiment. In addition, there were no distinguishable patterns among treatments across time with this index, although ßuctuations only occurred in the infested treatments.
Although the NDVI and RVI 1 values ßuctuated over time in the 2005 sleeve cage experiment, the simple effect of treatment could not be signiÞcantly distinguished among treatments. However, this was not the case in the greenhouse experiment or in the 2005 sleeve cage experiment, in which at least one treatment was signiÞcantly different from the others in all narrow bands and indices tested; NIR values were higher among all infested treatments in the 2004 greenhouse experiment and in the mite-infested treatment in the 2005 sleeve cage experiment. The NDVI and RVI 1 (Table 1) are related to the NIR wavelengths because they incorporate characteristics of both the NIR and the visible red wavelengths. However, although the feeding and damage of each arthropod was different, we did not Þnd a spectral "signature" for each arthropod. We could not distinguish among spider miteÐ and aphid-damaged leaves using the spectral data from this experiment. Rather, we observed the spectral response "pattern" that arthropod infestation increased NIR reßectance values. Both spider mites and aphids increased NIR reßectance values in the greenhouse experiment, and spider mites increased NIR reßectance values in the 2004 sleeve cage experiment.
Vegetation infested with arthropods, with NIR values increasing over time, contrasts with recent Þnd-ings in Þeld studies, in which values in the NIR decreased with arthropod damage (Everitt et al. 1994 , Summy et al. 1997 , Fitzgerald et al. 1999 , 2004 , Riedell and Blackmer 1999 , Mirik et al. 2006 , Reisig and Godfrey 2006 . However, most of these studies were done on a larger scale, in which the reßectance of plant canopies was measured. The study that was most similar to ours was that done by Riedell and Blackmer. In their study, they found that two different species of aphids each reduced the NIR reßectance of wheat. We obtained the opposite result in at least two separate experiments. One of our experiments was done in the Þeld and one in the greenhouse. In addition, these were both done using a different spectrometer. However, the differences that exist between our experiments, those of Riedell and Blackmer, and other Þeld canopyÐlevel experiments may reßect a divergence from the general spectral response pattern usually associated with arthropod infestation. For example, unlike the study of Riedell and Blackmer, we did not allow the arthropods to cause signiÞcant damage to the plant before taking spectral measurements.
Our previous studies (Reisig and Godfrey 2006 ) did not Þnd a unique "signature" for spider miteÐ and aphid-infested cotton, although decreases in the NIR wavelengths were associated with arthropod-infested cotton. In these studies, increases in the NIR wavelength tested were associated with arthropod-infested leaves. Although no such increases or decreases were observed in the vegetation indices, there were both signiÞcant increases and decreases in 2005 sleeve cage study. Both the NDVI and RVI 1 treatments had values on various measurement dates with signiÞcant increases or decreases in values. These were always accompanied by large SE values, and these values equilibrated back to their mean values over time. Consequently, an increase or decrease in NDVI or RVI 1 value observed on 1 day was not maintained over time, nor was it indicative of one type of arthropod infestation. However, the dramatic departures from mean values over time were only observed in arthropodinfested leaves in 2005. As a result, a departure from the mean values of untreated leaves could indicate that the cotton leaves are undergoing physiological changes or stress. The fact that the departure of NDVI and RVI 1 values was not maintained over time could indicate that resources from other parts of the plant had been recruited to maintain an equilibrium state in the leaf.
Because spider mites and aphids are heterogeneously dispersed throughout cotton Þelds, remote sensing data can be useful when these pests occur at high levels within these hot spots and before they have spread throughout the Þeld. Because current thresholds are established on an interÞeld basis, Þelds with populations of spider mites and/or aphids may still be under threshold levels, with hot spots containing stressed plants with very high levels of these pests. If these "hot spots" can be identiÞed, population spread can be controlled by treatment around the margins. This would require moving thresholds and treatment decisions to within individual Þelds.
Nonetheless, remote sensing data will appear most attractive to cotton growers if it can detect arthropodinfested cotton, with pests at extremely low levels, well before treatment decisions need to be made and well in advance of any economic losses. Hence, we chose to use small arthropod numbers and to measure early in the population development and frequently to help preserve relevance. Riedell and Blackmer took measurements 3 wk after infestation, and damage, which was visible as necrosis, caused reduced leaf weight and chlorophyll concentration. Although we did not measure leaf weight and chlorophyll concentration, all our infestations made in the Þeld were well below published Þeld economic threshold levels of 30 Ð50% leaves infested for spider mites and 50 Ð75 aphids/leaf for 7Ð10 d (Godfrey et al. 2005) ; the arthropods did not cause visible damage to the plant on leaves in comparison to uninfested leaves.
In addition, we did not remove the infested leaf from the plant, and our studies were done on cotton, which is a dicot, in comparison to wheat, which is a monocot. As a result, the increase in the NIR wavelength that we observed may be a reßection of a physiological change in an arthropod-infested cotton leaf, in contrast to the change seen in an arthropodinfested cotton canopy. Airborne remote sensing in the Þeld involves more considerations than remote sensing using a backpack spectrometer in the greenhouse and sleeve cages. Factors such as albedo, which is an objectÕs reßectance accumulated across the electromagnetic spectrum, water vapor in the atmosphere, canopy coverage, shading, soil and its moisture level, and within-Þeld variability may change the way that damage viewed with remote sensing, if damage is visible at all. For example, arthropod-damaged cotton canopies have more shadows and bare soil exposed. These factors have been shown to decrease NIR wavelength reßectance (Richardson et al. 1975 ) but were not a part of these greenhouse and sleeve cage studies, because they were done on individual leaves.
We were unable to distinguish a spectral signature unique to only spider mite-infested cotton or aphidinfested cotton on the leaf level. Rather, our results support a hypothesis that the spectral response pattern of arthropod-infested leaves is a increase in NIR value. Moreover, we found the NIR wavelength at Ϸ850 nm to increase in infested cotton over time, in contrast to the decrease that was seen in previous experiments (Reisig and Godfrey 2006) . Nonetheless, we still found that NIR reßectance wavelength at Ϸ850 nm is the most informative to distinguish arthropod-infested from uninfested cotton among the wavelengths and indices that we tested.
Consequently, the wavelengths in the NIR should be used to establish a spectral response pattern for spider miteÐ and aphid-infested cotton in large-scale experiments. Such experiments should Þnd Þelds with naturally established spider mite and aphid populations. Aerial remote sensing data, using NIR data, should correlate these spots to areas with areas matching the spectral response pattern of NIR ßuctuations. False positives and negatives should be documented with ground-truthing. A suite of such experiments would indicate if remote sensing can be used for interÞeld treatment decisions of these arthropod pests.
